ervical cancer is the second most common cancer in women worldwide, and it is the principal cancer of women in most developing countries, where 80 percent of cases occur. 1 Molecular epidemiologic evidence clearly indicates that certain types of human papillomavirus (HPV) are the principal cause of invasive cervical cancer [2] [3] [4] and cervical intraepithelial neoplasia. 5, 6 More than 80 HPV types have been identified, and about 40 can infect the genital tract. 7 Genital HPV types have been subdivided into low-risk types, which are found mainly in genital warts, and high-risk types, which are frequently associated with invasive cervical cancer. There is, however, no consensus concerning the categorization of many HPV types with low prevalence according to risk. Moreover, the number of putative high-risk types varies from 13 to 19, and only 11 HPV types (16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, and 58) are consistently classified as entailing high risk. [8] [9] [10] [11] For these reasons, clear-cut criteria for classifying HPV types into low-risk and high-risk groups are needed. These criteria should be based on molecular epidemiologic studies that provide risk estimates and on functional evidence of the oncogenic potential of the various HPV types. A classification of HPV types based on their phylogenetic relationship has been proposed, 12 but it has not been tested epidemiologically.
In 1995, the International Agency for Research on Cancer (IARC) concluded that four case-control studies yielded sufficient evidence to classify HPV types 16 and 18 as human carcinogens, but the evidence was limited or inadequate for other types. 13 Since then, we have completed seven additional case-control studies in other populations, using similar protocols and HPV DNA-detection assays. We report here the pooled data from the 11 studies. These results form the basis for an epidemiologic classification of HPV types associated with cervical cancer, which can be compared with the phylogenetic classification. This information is essential for planning prevention by HPV vaccines and for screening programs based on HPV testing.
study design
From 1985 to 1997, we conducted 11 studies in nine countries with a broad range of rates of incidence of cervical cancer. Nine studies dealt only with invasive cervical cancer, and two also dealt with in situ cervical cancer. The subjects were drawn from high-risk populations in Africa (Morocco 14 and Mali 15 ) and South America (Colombia, 2, 16 Brazil, 17 Paraguay, 18 and Peru 19 ); intermediate-risk populations in Asia (Thailand 20 and the Philippines 21 ); and low-risk populations in Spain. 2, 16 The methods of selection of patients and controls are described in the original study reports. Briefly, the patients were women with newly diagnosed, histologically confirmed invasive or in situ squamouscell cervical cancer who had not received treatment. The control groups were population-based in the studies of invasive cervical cancer in Spain and Colombia and hospital-based or clinic-based in the other studies. They were frequency-matched to patients according to age (in five-year intervals) in all studies. The original histologic slides from which the diagnosis was made were reviewed by expert pathologists. All protocols were approved by the IARC and local ethics committees. Oral consent was obtained from the subjects in the Spanish and Colombian studies (which were initiated in 1985), consistent with the standard at the time. In the remaining studies, which were initiated later, written informed consent was obtained.
collection of data and specimens
The women were interviewed at the hospital by trained interviewers using a standardized questionnaire to elicit information on risk factors for cervical cancer. After the interview, all women underwent a pelvic examination performed by a gynecologist or nurse, and two cervical scrapings were collected for cytologic study and detection of HPV DNA. A tumor-biopsy specimen was taken from most patients and kept frozen.
detection, typing, and phylogenetic grouping of hpv dna
Detection of HPV DNA in cervical scrapings (exfoliated cells) and biopsy specimens was performed blindly in central laboratories with use of polymerase-chain-reaction (PCR)-based assays. Detailed protocols for these assays have been described. The relatively insensitive version of PCR primers for the L1 gene, MY09/MY11, was used in the Colombian and Spanish studies. 22 The GP5+/6+ general primer system was used in the remaining studies. 23 To detect the specific HPV types, oligohybridization methods were used for HPV types 16, 18, . Specimens that were positive on assays with the GP5+/6+ system but that did not hybridize with any of these 33 probes were coded as HPV type X. Amplification of a fragment of the b -globin gene was used to assess the quality of the target DNA.
For specimens from patients found to be negative for b -globin and HPV DNA or positive for HPV X, DNA was extracted from the cell pellets and retested as described above. For detection of HPV in biopsy specimens, the sandwich method was used to check the histologic evidence of cancer, and an additional HPV-type-specific PCR was performed, with use of an E7 primer, for 14 HPV types (16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 66, and 68) that were formerly designated as oncogenic types. 4 These procedures were also used for reamplification of all control specimens classified as HPV X and a randomly selected subgroup of 32 specimens found to be positive for b -globin and negative for HPV DNA. After reamplification, 32 specimens from patients that were originally negative for HPV DNA were reclassified as positive for HPV DNA, but none of the specimens from control women were found to be positive for HPV DNA. For patients, the combined prevalence of HPV DNA in exfoliated cells and in biopsy specimens is reported, whereas for control subjects, the prevalence of HPV DNA was determined only in exfoliated cells. Comparisons between patients and controls in which only the results from exfoliated cells were used produced virtually identical results.
For phylogenetic grouping of HPV types into low-risk or high-risk groups, we used the phylogenetic tree of 106 papillomavirus types based on an informative region within the L1 gene. 24 The 12 HPV types that had been classified phylogenetically as high risk on the basis of sequence alignment, 12 together with the types that are related to those 12 types, were classified as phylogenetically high risk in this study. Accordingly, among the 33 HPV types that were specifically tested, types 16, 31, 33, 35, 52, and 58 (all belonging to group A9); 18, 39, 45, 59, 68, and 70 (group A7); 26, 51, and 82 (group A5); and 53, 56, and 66 (group A6) were phylogenetically classified as high-risk HPV types. In contrast, types 6, 11, and 44 (group A10); 34 and 73 (group A11); 40 and 43 (group A8); 42 (group A1); 61, 72, 81, 83, 84, and CP6108 (group A3); and 57 (group A4) were classified as low-risk HPV types.
statistical analysis
To assess the risk of cervical cancer associated with HPV types, odds ratios and 95 percent confidence intervals were estimated by unconditional logistic regression. 25 Odds ratios were adjusted for age as a categorical covariate (under 40, 40 to 49, 50 to 59, and over 59 years). Because of the small number of subjects from Mali, two categories were used (≤45 and >45 years). Odds ratios for individual HPV types were estimated by categorizing, as a single variable, each type or category of types. Subjects with HPV DNA-negative results were used as the reference category.
We defined as high-risk HPV types those associ-* HR denotes that testing was performed for high-risk types, but that there was not sufficient material for further typing. † HPV type X denotes specimens that were positive with the GP5+/6+ system but that did not hybridize with any of the 33 probes. ated, as single infections, with an odds ratio for cervical cancer of at least 5.0 and a lower 95 percent confidence limit of at least 3.0, as well as those that were detected in some of the patients but in none of the controls. We defined as low-risk HPV types those with an odds ratio for cervical cancer of at least 1.0 and a lower 95 percent confidence limit of less than 3.0, as well as those that were detected in some of the controls but in none of the patients. To test for a trend according to age in the prevalence of a specific HPV type among patients, the Mantel-Haenszel linear trend test was used. The Mantel-Haenszel test was used to test for homogeneity. All P values are two-sided.
study subjects
A total of 2506 women with cervical cancer and 2491 control women were interviewed. Of the patients, 2365 (94.4 percent) had squamous-cell carcinoma and 141 (5.6 percent) had adenocarcinoma or adenosquamous carcinoma. A total of 1990 of the 2365 women with squamous-cell carcinoma (84.1 percent) and 2126 of the 2491 control women (85.3 percent) provided cervical specimens for HPV DNA testing. Seventy-two of the 1990 specimens from patients (3.6 percent) and 198 of the 2126 control specimens (9.3 percent) tested for HPV DNA were negative for both b -globin and HPV and were excluded from the analysis, leaving 1918 patients and 1928 controls with specimens adequately tested for HPV DNA.
specific prevalence of hpv types
A total of 1739 patients (90.7 percent) were positive for HPV DNA. Of these, 91.9 percent were infected with a single HPV type, and 8.1 percent were infected with multiple types. Among control women, 259 (13.4 percent) were positive for HPV DNA; of these, 86.1 percent were infected by a single HPV type, and 13.9 percent were infected by multiple types (Table 1 ). In the studies in which the GP5+/6+ primers were used, the prevalence of HPV DNA was 96.6 percent in patients and 15.6 percent in controls. HPV types 16, 18, 45, 31, 33, 52, 58, and 35 (in descending order of frequency) were the eight most common types in patients, including infections with both single and multiple HPV types. HPV types 16, 18, 45, 31, 6, 58, 35, and 33 were the eight most common types in controls. The proportion of uncharacterized HPV types (HPV type X) was higher in controls (20.8 percent) than in patients (6.4 percent) ( Table 1) . HPV types 34, 57, and 83 were not found in any specimens from patients or controls.
HPV type 16 was the most common type in all countries, with an overall prevalence of 58.9 percent, ranging from 43.9 percent in the Philippines to 72.4 percent in Morocco. HPV type 18 was the second most common type, with an overall prevalence of 15 9 percent] ). The third most common type, HPV type 45 (5.9 percent), had a very low prevalence in Spain and Colombia (0.8 percent and 0.6 percent, respectively), and its highest prevalence was in the Philippines (15.7 percent). HPV types 31 and 35 were more common in Latin America than in the other study areas. The prevalence of HPV type 52 was highest in Peru (8.6 percent). Some of the differences in type-specific prevalence observed between Spain and Colombia and the other countries could be related, at least in part, to differences in the sensitivities of the PCR assays used.
To explore the possibility of trends in the prevalence of HPV over time, the patients and controls were stratified into three groups according to age (Table 2) . No statistically significant differences according to age in the distribution of HPV types (as single or multiple infections) were observed among the control women. Among the patients, the prevalence of HPV type 16 decreased significantly with age. Increases in prevalence with age were observed for types 39, 52, and 58.
risk associated with hpv
The prevalence of HPV DNA among patients and controls and the corresponding odds ratios, adjusted for age, are presented in Table 3 according to country. In the studies in which the GP5+/6+ system was used, the pooled odds ratio for cervical cancer associated with the presence of any HPV type was 158.2. When the MY09/MY11 primers were used, the pooled odds ratios were 63.4 and 19.1 in Spain and Colombia, respectively. The overall estimates of the odds ratio did not vary significantly according to age group. Adjustment for age slightly increased the odds ratios.
The adjusted odds ratios for the various HPV types are shown in over 45 and the lower confidence limits were all higher than 4.0. They were therefore classified as high-risk types. HPV types 39 and 82 were also classified as highrisk types, because they were detected in some patients but in none of the 1928 controls. Because types 26, 53, and 66 were detected in only one to three patients, these types were classified as probable high-risk types (Table 1) .
HPV types 40, 42, 43, 44, 54, 61, 70, 72, and CP6108 were not detected in patients and were considered low-risk types. Types 6, 11, and 81 were * P for trend among patients ≤0.05. † P for trend among patients ≤0.001. ‡ HPV type X denotes specimens that were positive with the GP5+/6+ system but that did not hybridize with any of the 33 probes. each detected in only 1 of the 1598 patients positive for single HPV types, and were therefore also classified as low-risk types (Table 1) . Although the odds ratios for types 6 and 11 were 4.3 and 11.2, respectively, the lower limits of their confidence intervals were 0.5 and 1.0, respectively, further supporting their classification in the low-risk group. The odds ratio for infection with multiple HPV types was not significantly different from that for infection with a single type (odds ratio for cervical cancer associated with multiple as compared with single infection, 0.7; 95 percent confidence interval, 0.4 to 1.0).
When our epidemiologic classification was compared with the phylogenetic grouping (Table 5) , a discrepancy was observed only for two types: HPV type 70, which was classified as a high-risk type phylogenetically but as a low-risk type by our epidemiologic study; and HPV type 73, which was classified as a low-risk type phylogenetically but a high-risk type epidemiologically.
No significant interactions were detected between HPV type and other known risk factors, such as high parity, long-term use of oral contraceptives, smoking, and age at first sexual intercourse (data not shown).
Our pooled analysis of 11 case-control studies provides robust estimates of the risk of squamous-cell carcinoma of the cervix linked to 30 HPV types. Our best estimate of the pooled odds ratio for squamous-cell cervical carcinoma associated with HPV DNA positivity is 158.2 ( Table 3 ). The association with the less common types is of a strength similar to the association found with HPV types 16 and 18.
Retesting of all patients who were negative for HPV DNA, but of only a small proportion of controls who were negative for HPV DNA, as well as the use of biopsy specimens from some of the patients, could have led to overestimation of the true odds ratios associated with HPV infection. However, we believe that any potential bias is likely to be small and would not substantially modify our results. In our validation studies in Peru, 19 of the 29 patients originally classified as negative for HPV DNA were reclassified as positive after retesting with E7 primers, whereas none of the controls were reclassified as positive. 19 Similarly, in another study carried out in Thailand, the Philippines, and Spain, the prevalence of HPV DNA in exfoliated cells was very close to that in cervical-biopsy specimens from women without cervical cancer who were undergoing hysterectomy. 26 Our epidemiologic classification, based on HPV-type-specific odds ratios and HPV prevalence among patients and controls, identified 15 HPV types as high-risk types (16, 18, 31, 33, 35 , 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82). Three types (26, 53 , and 66) should be considered probable highrisk types, since they were detected in only one to three patients and in none of the controls. Twelve types (6, 11, 40, 42, 43, 44 , 54, 61, 70, 72, 81, and CP6108) were categorized as low-risk types, and three types (34, 57, and 83) were detected in none of the samples and were therefore considered to be associated with undetermined risk. According to the results of our study, five types that others have classified as low-risk types 10, 27 or as types associated with undetermined risk (26, 53, 66, 73 , and 82) should now be added to the list of high-risk or probable high-risk types. The commercially available Hybrid Capture II (Digene) high-risk HPV test includes all of the types we have classified as high-risk types discussion * Testing was performed with the GP5+/6+ primers, except in Spain and Colombia, where the MY09/MY11 primers were used. For all countries except Spain and Colombia, only invasive cancer was studied. † The odds ratios have been adjusted for age. CI denotes confidence interval. ‡ The odds ratio has been adjusted for age and center. We confirmed the low-risk status of six types widely regarded as such (types 6, 11, 40, 42, 43, and 44) and added to this list types 54, 61, 70, 72, 81, and CP6108, which have been considered as types associated with undetermined risk by others. Further studies will be required to determine the epidemiologic classification of HPV types not assessed in our study, such as types 62 and 67, which are classified phylogenetically as low-risk and high-risk types, respectively. This pooled analysis provided us with the opportunity to compare epidemiologic and phylogenetic classifications of HPV types. The concordance of these two classifications is remarkable (Table 5) ; discrepancies were found only for types 70 and 73.
Little is known about the transforming or oncogenic properties of the E6 and E7 genes of HPV types other than those of the prototype high-risk types (16 and 18) and low-risk types (6 and 11). Types 16 and 18, as well as types 31 and 33, but not types 6 and 11, can induce immortalization of primary human keratinocytes and rat kidney cells. [28] [29] [30] The prevalence of multiple HPV infections varies in relation to the method used to detect HPV DNA. 10 In our study, the use of the PCR assay with the GP5+/6+ primer system may have led to an underestimation of the prevalence of multiple infections. As in previous studies, infection by multiple HPV types in our study was not associated with a greater risk of cervical cancer than infection by a single HPV type. 27, 31 HPV type 16 was the only type whose incidence decreased significantly with age. Assessment of the distribution of HPV types in cervical cancer over the past four to five decades is needed to determine whether these age-related differences are due to a cohort effect that could predict changes in the distribution of HPV types in the years to come, with implications for HPV-vaccination efforts.
Types 16, 18, 45, 31, 33, 52, 58, and 35 accounted for 95 percent of the squamous-cell carcinomas positive for HPV DNA. These findings have important implications for the prevention of cervical cancer. They imply that an effective vaccine against the five most common HPV types could prevent about 90 percent of the cases of cervical cancer worldwide. However, regional variation in the distribution of certain HPV types should be taken into account in the creation of vaccines tailored to different geographic regions.
Our results also have important implications for patient care and screening strategies. The similarity of the odds ratios for individual high-risk HPV types and their combinations clearly indicates that testing for groups of high-risk HPV types is sufficient and that the composition of screening "cocktails" for high-risk HPV types could be revised in view of our results and those from other populations.
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